Udoh US, Swain TM, Filiano AN, Gamble KL, Young ME, Bailey SM. Chronic ethanol consumption disrupts diurnal rhythms of hepatic glycogen metabolism in mice. Am J Physiol Gastrointest Liver Physiol 308: G964 -G974, 2015. First published April 9, 2015; doi:10.1152/ajpgi.00081.2015.-Chronic ethanol consumption has been shown to significantly decrease hepatic glycogen content; however, the mechanisms responsible for this adverse metabolic effect are unknown. In this study, we examined the impact chronic ethanol consumption has on time-of-day-dependent oscillations (rhythms) in glycogen metabolism processes in the liver. For this, male C57BL/6J mice were fed either a control or ethanol-containing liquid diet for 5 wk, and livers were collected every 4 h for 24 h and analyzed for changes in various genes and proteins involved in hepatic glycogen metabolism. Glycogen displayed a robust diurnal rhythm in the livers of mice fed the control diet, with the peak occurring during the active (dark) period of the day. The diurnal glycogen rhythm was significantly altered in livers of ethanol-fed mice, with the glycogen peak shifted into the inactive (light) period and the overall content of glycogen decreased compared with controls. Chronic ethanol consumption further disrupted diurnal rhythms in gene expression (glycogen synthase 1 and 2, glycogenin, glucokinase, protein targeting to glycogen, and pyruvate kinase), total and phosphorylated glycogen synthase protein, and enzyme activities of glycogen synthase and glycogen phosphorylase, the rate-limiting enzymes of glycogen metabolism. In summary, these results show for the first time that chronic ethanol consumption disrupts diurnal rhythms in hepatic glycogen metabolism at the gene and protein level. Chronic ethanol-induced disruption in these daily rhythms likely contributes to glycogen depletion and disruption of hepatic energy homeostasis, a recognized risk factor in the etiology of alcoholic liver disease.
liver; ethanol; diurnal; glycogen; glycogen synthase CHRONIC AND EXCESSIVE ALCOHOL (ethanol) consumption causes a variety of serious liver diseases, including steatosis (i.e., fatty liver), steatohepatitis (i.e., steatosis with inflammation), fibrosis, cirrhosis, and hepatocellular carcinoma (6) . The etiology of alcoholic liver disease (ALD) is complex and multifactorial, involving a combination of numerous molecular and cellular alterations, including lipid accumulation in hepatocytes, oxidative and nitrative stress, lipid peroxidation, acetaldehyde toxicity, inflammation, and fibrogenesis (40) . Moreover, chronic ethanol consumption significantly impairs hepatic energy metabolism by decreasing mitochondrial and glycolytic ATP production, leading to hepatocyte necrosis (2, 46, 55) . It is believed that these perturbations, as well as others, contribute to the initial development and progression of ALD in the chronic alcohol consumer (23) .
Although the liver has regenerative capacity (25, 36) , chronic ethanol-dependent decreases in hepatic energy levels will ultimately impede the liver's ability to repair, further increasing ethanol-induced liver damage (8, 55) . Within this context, chronic ethanol-induced changes in liver glucose and glycogen metabolism will contribute to deficits in hepatic energy status and decreased hepatocyte viability (8) . Notably, ethanol-induced decreases in hepatic glycolytic activity are paralleled by significant decreases in liver glycogen levels (47) . Several studies have shown that both acute and chronic alcohol consumption reduce hepatic glycogen levels (28, 46, 47, 50, 52, 53) . However, the mechanisms underlying these ethanol-mediated effects on liver glycogen metabolism remain poorly understood.
Studies by Van Horn et al. (47) suggested that chronic ethanol consumption lowered glycogen content in livers of male rats by decreasing the total protein level and activity of glycogen synthase (GS), the rate-limiting enzyme in glycogen synthesis. It is important to point out that these experimental results were measured in livers and hepatocytes collected at only a single time point during the 24-h day. Many metabolic processes, including hepatic glycogen metabolism, are dynamic and exhibit time-of-day rhythms (3) . We therefore hypothesized that chronic ethanol consumption impairs timeof-day-dependent oscillations in the elements that regulate hepatic glycogen metabolism.
In the present study, mice were fed an ethanol-containing or control liquid diet for 5 wk to induce steatosis and glycogen depletion. Livers were collected every 4 h for a 24-h period to assess time-of-day and ethanol-dependent alterations in glycogen levels, as well as the expression and activities of enzymes involved in glycogen turnover. Our results show that chronic ethanol consumption significantly altered diurnal rhythms in liver glycogen content, and rhythms in key genes and proteins involved in glycogen turnover, glycogen particle composition, and glucose metabolism. Interestingly, the effect chronic ethanol consumption had on hepatic glycogen content was not readily explained by perturbations in assayable glycogen synthase and phosphorylase activities, suggesting primary influences on alternative mechanisms. In summary, these results demonstrate for the first time that chronic ethanol consumption significantly disrupts diurnal regulation of glycogen turnover in the liver. We propose that these perturbations render the liver unable to maintain its glycogen stores, an important energy source needed to preserve hepatocyte viability.
MATERIALS AND METHODS
Mice and feeding regimen. Eight-week-old male C57BL/6J mice were purchased from Jackson Laboratories and allowed to acclimate for at least 1 wk before they were divided into control and ethanol feeding groups. For the feeding studies, each ethanol-fed mouse was weight-matched to a control-fed mouse partner to establish the pairfeeding regimen (13) . Mice were singly housed in standard husbandry boxes with bedding and kept in a temperature-and humidity-controlled environment under a 12:12-h light-dark cycle. Mice were pair-fed isocaloric Lieber-DeCarli control and ethanol liquid diets (Bioserv) for 5 wk (13) . Mice were acclimated to the ethanolcontaining diet by gradually increasing the percentage of ethanol content from 0 to 4% (wt/vol) over an 8-day period, after which the concentration of ethanol in the diet was kept at 4% (wt/vol) until the end of the study. The ethanol diet (Bioserv, F1258SP) contained 15.1% calories from protein, 35.9% calories from fat, 20.6% calories from carbohydrate (maltose-dextrins), and 28.4% calories from ethanol. The pair-fed control mice received an identical diet (Bioserv, F1259SP) except ethanol calories were replaced isocalorically with maltose-dextrins. At the end of the 5-wk feeding period, livers were collected at Zeitgeber times (ZT) 3, 7, 11, 15, 19 , and 23 (ZT 0 ϭ lights on and ZT 12 ϭ lights off). Liver tissue used for determining glycogen content, measuring enzyme activities, and performing Western blots was quickly frozen in liquid N 2 and stored at Ϫ80°C until analyses were done. Liver tissue used for assessing gene expression was preserved in RNAlater (Life Technologies) to protect RNA from degradation and stored at Ϫ20°C until used for RNA isolation. All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Alabama at Birmingham and were in compliance with National Institutes of Health animal use guidelines.
Hepatic glycogen content. Homogenates (20 mg/ml in 1.0 M KOH) were prepared from frozen liver tissue and heated for 20 min at 70°C to solubilize tissues. The digested tissues (200 l) were treated with glacial acetic acid (34 l) to adjust pH and incubated overnight with amyloglucosidase (Roche) at 37°C to hydrolyze glycogen to free glucose (9) . The concentration of free glucose generated in samples was determined using the hexokinase/glucose-6-phosphate dehydrogenase method, and glycogen standards were treated in the same manner as liver samples (4, 11) . Results are expressed as milligram glycogen per gram liver weight.
Glycogen synthase and phosphorylase activity assays. Glycogen synthase (GS) activity was assayed at 30°C based on the incorporation of radiolabeled glucose from UDP-[U-
14 C]glucose into glycogen (44) . Liver homogenates were prepared as described in Ref. 47 . Briefly, frozen livers were homogenized at a concentration of 100 mg/ml in buffer A [0.34 M sucrose, 1 mM EDTA, 5 mM Tris-HCl (pH 7.5), 40 g/ml PMSF, 5 l/ml leupeptin, 5 g/ml aprotinin, and 7 g/ml pepstatin]. Aliquots of homogenate (600 l) were added to 1.0 ml of buffer B [50 mM glycylglycine (pH 7.4), 20 mM EDTA, 100 mM NaF, 5 mg/ml glycogen, 0.625 mM PMSF, and 0.125% 2-mercaptoethanol], and sonicated for 45 s. GS activity was measured by adding 30 l of homogenate to 60 l of assay buffer [50 mM Tris (pH 7.8), 20 mM EDTA, 87.5 mM KF, 10 mg/ml glycogen, 1 mM UDPglucose, and 10 l/ml radiolabeled UDP-glucose (American Radiolabelled Chemicals) in the presence or absence of 10 mM glucose-6-phosphate]. Enzyme activity is expressed as nanomoles glucosyl units incorporated into glycogen per minute per milligram liver protein.
Glycogen phosphorylase (GP) activity was assayed at 30°C based on the incorporation of UDP-[U-
14 C]glucose-1-phosphate into glycogen as described previously (16) . For this assay, frozen liver tissues were homogenized in buffer A (50 mM KF, 10 mM EDTA, 10% vol/vol glycerol; pH 7.0) at a concentration of 77 mg/ml. Liver homogenates were then centrifuged at 4°C for 10 min at 12,000 g. A 200-l sample of the supernatant was added to 400 l buffer B containing 50 mM MES, 50 mM KF, and 60 mM ␤-ME at pH 6.1. For measurement of GP activity, 30 l of the diluted liver homogenate was added to 60 l assay buffer C [200 mM KF, 80 mM cold glucose-1-phosphate, 1% glycogen, and 1 Ci/ml UDP-[U- 14 C]glucose-1-phosphate (American Radiolabelled Chemicals), pH 6.1] in the presence and absence of 3 mM 5=-AMP (54) . The enzyme activity was expressed as micromoles glucosyl units incorporated into glycogen per minute per gram liver weight.
Western blot analyses. Western blots were performed according to standard procedures (45) using mouse anti-phospho-GS (Ser641), anti-GS, anti-phospho-AKT (Ser473), anti-AKT, anti-phospho-GSK3␤ (Ser9), and anti-GSK3␤ (Cell Signaling Technology). Samples were prepared from frozen liver using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific) supplemented with protease and phosphatase inhibitor cocktails (Sigma-Aldrich). Cytosolic protein was separated on a 7.5% or 4 -20% Criterion TGX Precast Gel (Bio-Rad Laboratories) via electrophoresis, transferred to nitrocellulose membranes, and incubated with primary antibodies overnight at 4°C. Protein detection was achieved by using appropriate secondary antibodies and enhanced chemiluminescence. Membranes were stripped and reprobed with appropriate loading control antibodies, anti-GAPDH (Cell Signaling Technology,) and anti-␤-actin (Sigma-Aldrich). The intensities of immunoreactive protein bands were quantified using Quantity One software (Bio-Rad Laboratories) and expressed as total densitometry units.
RNA isolation and gene expression. Total RNA was isolated from liver tissues preserved in RNAlater solution (Life Technologies) using Tri Reagent (Sigma-Aldrich), following the manufacturer's instructions, and DNase treated with DNA-free DNase treatment kit (Life Technologies). A NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific) was used to quantify RNA. cDNA was synthesized using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and qPCR was performed with Taqman Gene Expression assays containing specific primers and probes using an Applied Biosystems 7900 HT instrument (Applied Biosystems). The relative levels of target gene PCR product were normalized to those of the housekeeping gene GAPDH. Relative gene expression was determined using the delta-delta Ct method (21) . Gene expression data were expressed as fold change set relative to control trough.
Statistical analysis. Two-factor analysis of variance (ANOVA) was performed to determine statistical significance of the main effects of time and diet, as well as an interaction (time ϫ diet) on experimental measurements. In addition, cosinor analysis was performed to determine whether experimental measures where rhythmic during the course of the day, and to obtain the key chronobiological parameters of mesor, amplitude, and acrophase. For this, data were fitted to a cosine wave equation, f(t) ϭ mesor ϩ amplitude ϫ cos[(2t/T) ϩ acrophase], in SPSS (IBM) using a nonlinear regression module (29) , where the mesor (midline estimating statistic of rhythm) ϭ mean of the oscillation; amplitude ϭ 1/2 the distance between the peak and the trough; t ϭ time point (ZT 3, 7, 11, 15, 19, or 23) ; T ϭ the period (fixed to 24 h); and acrophase ϭ the ZT time of the cosine maximum. Student's t-test was used to compare the parameter estimates between control and ethanol-fed mice. Data are expressed as means Ϯ SE with n ϭ 4 -6 livers per diet group per time point. Statistical significance was set at P Յ 0.05.
RESULTS
Ethanol consumption decreases liver glycogen content and alters its diurnal rhythm. We investigated the effect of chronic ethanol consumption on time-of-day-dependent oscillations in hepatic glycogen levels. For these studies, male C57BL/6J mice were pair-fed control and ethanol diets for 5 wk and livers were collected every 4 h at ZT 3, 7, 11, 15, 19, and 23 (ZT 0 -12 ϭ lights on, and ZT 12-24 ϭ lights off). Two-factor ANOVA showed a significant main effect of time (P ϭ 0.016) and diet (P Ͻ 0.001) on hepatic glycogen levels, but no significant interaction (P ϭ 0.092) (Fig. 1B) . Glycogen content demonstrated a diurnal rhythm in livers of both control (R 2 ϭ 0.38, P ϭ 0.006) and ethanol-fed (R 2 ϭ 0.36, P ϭ 0.009) mice; however, rhythms were significantly different between the two groups ( Fig. 1, A and C) . For example, liver glycogen from control-fed mice displayed a strong diurnal oscillation that peaked at the end of the active (dark) phase (ZT 20.76 Ϯ 0.22; Fig. 1 , A and C). In contrast, the glycogen peak was significantly phase shifted to ZT 1.21 Ϯ 0.23 (phase difference between groups, P ϭ 0.008) in livers of ethanol-fed mice ( Fig.  1 , A and C). Chronic ethanol consumption also significantly decreased the mean (mesor) levels of hepatic glycogen by 53% (P Ͻ 0.001) such that glycogen levels remained significantly lower throughout the entire 24-h period in livers of ethanol-fed mice compared with livers of control-fed mice ( Fig. 1, A and C) .
Ethanol consumption alters diurnal rhythms in liver glycogen synthase. In an attempt to determine the mechanism by which chronic ethanol consumption influences time-of-daydependent oscillations in hepatic glycogen levels, we investigated glycogen synthase (GS), the rate-limiting enzyme involved in glycogen synthesis. We first measured 24 h expression patterns of several key glycogen metabolism genes. Mammals have two GS isoforms, the liver-specific isoform encoded by the GYS2 gene and the more ubiquitously expressed muscle isoform encoded by the GYS1 gene, which is also highly expressed in liver (38) . Two-factor ANOVA of GYS1 gene expression showed significant main effects of time (P ϭ 0.003), diet (P Ͻ 0.001), and interaction (P ϭ 0.002) in the liver (Table 1 ). GYS1 displayed rhythmic expression peaking at ZT 3.73 Ϯ 0.18 in livers of control mice. This rhythm was significantly decreased (45% and 58% decrease in mesor and amplitude, respectively) and phase-shifted (ZT 17.44 Ϯ 0.29) by ethanol feeding ( Fig. 2A and Table 2 ). GYS2 displayed a robust diurnal rhythm peaking at ZT 9.31 Ϯ 0.08 in the liver of control-fed mice ( Fig. 2B and Table 2 ). Chronic ethanol consumption significantly decreased the amplitude (50% decrease) and mesor (27% decrease) of GYS2 rhythmic expression (Table 2) . Two-factor ANOVA indicated significant time (P Ͻ 0.001) and diet (P ϭ 0.001) effects on GYS2 gene expression (Table 1) .
Glycogen synthase kinase 3 (GSK3) and AKT (i.e., protein kinase B) are well-studied signaling components in the glycogen synthesis pathway. Activated phospho-AKT phosphorylates and inhibits GSK3␤ activity, preventing the phosphorylation and inactivation of GS by GSK3␤ (39) . Although GSK3␤ gene expression showed no significant diurnal rhythm in livers of control-fed mice, ethanol consumption induced a diurnal rhythm with a peak at ZT 10.22 Ϯ 0.16 ( Fig. 2C and Table 2 ). Two-factor ANOVA showed a significant main effect of diet, time, and interaction for GSK3␤ ( significant diurnal rhythmic expression for AKT1 and AKT2 in livers of mice fed either the ethanol or control diet (Table 2) . However, two-factor ANOVA revealed a significant main effect of diet for AKT2 (Table 1) due to ethanol-dependent decrease in AKT2 expression. Together, these results show that ethanol consumption affects the diurnal gene expression patterns of key regulators of glycogen synthesis. Western blots were performed to determine the effect chronic ethanol had on diurnal rhythms in GS1, GS2, AKT, and GSK3␤ protein abundance and phosphorylation status. There was no significant daily rhythm in total GS1 protein in livers of control or ethanol-fed mice ( Fig. 2D ; see Table 4 ). Two-factor ANOVA revealed no diet or time effect for GS1 (Table 3) , whereas GS2 was significantly decreased in livers of ethanol-fed mice. Total GS2 protein displayed a diurnal rhythm that peaked at ZT 8.88 Ϯ 0.22 in livers of control-fed mice ( Fig. 2E and Table 4 ). Importantly, the GS2 rhythm was lost in livers from ethanol-fed mice (Fig. 2E and Table 4 ). Moreover, there were significant main effects of diet and time for GS2 (Table 3 ). To further explore the impact chronic ethanol consumption has on GS protein, we measured the diurnal phosphorylation status of GS. Both phospho-GS1 and phospho-GS2 displayed diurnal oscillations with peaks at ZT 6.69 Ϯ 0.25 and ZT 6.64 Ϯ 0.20, respectively, in the livers of control mice (Fig. 2, F and G, and Table 4 ). Ethanol consumption significantly decreased the mesor of phospho-GS1 and completely abolished the rhythmic abundance of phospho-GS2 (Fig. 2, F and G, and Table 4 ). A two-factor ANOVA indicated significant main effects of diet and time for both phospho-GS1 and phospho-GS2 (Table 3) . Representative Western blots for total and phospho-GS1, GS2, and loading controls are provided in Fig. 2J . We also measured total protein levels and the diurnal phosphorylation status of AKT and GSK3␤ as these proteins participate in the regulation of GS. Neither total protein nor phosphorylation status of AKT and GSK3␤ displayed significant rhythmicity in the livers of control and ethanol-fed mice (Fig. 2, H and I ; Table 4 ). Further, two-factor ANOVA indicated no significant main effects for diet or time on total AKT protein, total GSK3␤, or phospho-GSK3␤ (Table 3) . However, chronic ethanol significantly decreased phospho-AKT levels in a non-time-dependent manner (P Ͻ 0.001 for diet) (Fig. 2H and Table 3) .
Further, GS enzyme activity was measured in the absence and presence of glucose-6-phosphate (G6P), a key allosteric activator of GS. GS activity measured in the absence of G6P reflects the active (unphosphorylated) form of the enzyme, while GS activity measured in the presence of 10 mM G6P represents total enzyme activity (48) . Two-factor ANOVA revealed significant main effects of time, but not diet, for GS activity with or without G6P, and a significant interaction for GS without G6P (Table 5 ). In the livers of control-fed mice, GS activity did not display a diurnal rhythm in the absence of the allosteric effector G6P (Fig. 2K and Table 6 ). In contrast, GS activity was rhythmic in livers of ethanol-fed mice ( Fig. 2K and Table 6 ). During the inactive phase (ZT 0 -12) GS activity was lower in the livers of mice fed the ethanol diet compared with the control mice (Fig. 2K) . However, GS activity in livers of ethanol-fed mice was elevated during the active phase (ZT 12-24) relative to control-fed mice. In the presence of G6P total hepatic GS enzyme activity was rhythmic and comparable between the control and ethanol-fed mice ( Fig. 2L and Table  6 ), with peak GS activity occurring in the active (dark) phase of the day.
Ethanol consumption alters diurnal rhythms in liver glycogen phosphorylase. To determine whether the ethanol-induced alteration in liver glycogen content could be linked to changes in the expression and/or activity of the rate-limiting enzyme for glycogen degradation, we next measured glycogen phosphorylase (GP) transcript levels and activity. We are unaware of a commercially available antibody for GP that works well in the mouse, and as such, were unable to determine protein levels and/or phosphorylation status of GP. Gene expression of the liver form of GP (PYGL) did not display rhythmic expression in livers of control or ethanol-fed mice (Fig. 3A and Table 2 ). However, a significant main effect of diet (P ϭ 0.034) was shown by two-factor ANOVA (Table 1) , due to ethanoldependent decrease in PYGL expression. GP activity was also measured in livers from control and ethanol-fed mice over the course of the day. GP activity measured in the absence and presence of 3 mM AMP represents activity of the active form of GP (phosphorylated) and total GP activity, respectively (34). Chronic ethanol consumption caused a significant decrease in liver GP activity ( Fig. 3B and Table 5 ). GP activity in the absence of the allosteric effector AMP was significantly rhythmic in livers of both control and ethanol-fed mice ( Fig. 3B and Table 6 ). Ethanol consumption significantly decreased mean expression (mesor) by 42% and caused a 2.88 h phase advance in peak GP activity ( Table 6 ). Addition of AMP stimulated an increase in GP activity in both control and ethanol-fed mice; however, GP activity remained significantly lower in the ethanolfed group compared with the control-fed mice ( Fig. 3C and Table  6 ). In addition, the diurnal rhythm of total GP activity (ϩ AMP) was lost in the ethanol-fed group (Fig. 3C and Table  6 ). Significant main effects of time and diet were observed in GP activity by a two-factor ANOVA with no significant interaction (Table 5 ). Together, our findings indicate that chronic ethanol decreased mRNA expression and activity of GP in the liver. Ethanol consumption alters diurnal rhythms in glycogen particle components in the liver. Given that the effects of ethanol feeding on assayable GS and GP activities did not readily explain attenuated hepatic glycogen content, we also investigated ethanol-mediated effects on other regulatory components present in the glycogen particle, namely glycogenin (GYG) and protein phosphatase 1 regulatory subunit 3C (PPP1R3C). We found that GYG, the primer for glycogen synthesis, displayed diurnal rhythmic expression that peaked at ZT 4.42 Ϯ 0.12 in livers of control-fed mice (Fig. 4A and Table  2 ), whereas GYG expression was not rhythmic in livers of ethanol-fed mice ( Fig. 4A and Table 2 ). Further, we observed a main effect of time (P Ͻ 0.001) and an interaction (P ϭ 0.041) on GYG expression (Table 1) . We also examined expression of PPP1R3C, also known as PTG (protein targeting to glycogen). PPP1R3C is a molecular scaffold protein that participates in the regulation of glycogen synthesis by targeting protein phosphatase-1 to glycogen particles to facilitate dephosphorylation of GS and GP (38) . We observed a robust diurnal rhythm in PPP1R3C gene expression peaking around ZT 20 in livers of both control and ethanol-fed mice (Table 2 and Fig. 4B ). Ethanol consumption caused a significant decrease in the mesor of PPP1R3C, but had no effect on the acrophase or amplitude (Table 2) . Two-factor ANOVA revealed significant main effects of diet (P ϭ 0.043) and time (P Ͻ 0.001) for PPP1R3C (Table 1) .
Ethanol consumption alters diurnal rhythms in other glucose metabolism components in the liver. To gain greater insight regarding alternative mechanisms of ethanol-induced glycogen depletion, we also examined diurnal expression of genes involved in glucose uptake and glucose metabolism, including glucose transporters (GLUT1, GLUT2), glucokinase (GCK), glucokinase regulatory protein (GCKR), and pyruvate kinase (PKLR). We observed significant diurnal variations in gene expression for GLUT2, GCK, and PKLR in livers of mice fed the control diet (Fig. 4 , D-F, and Table 2 ). These rhythms were decreased (GLUT2, GCK) or abolished (PKLR) in livers of ethanol-fed mice (Table 2 ). In addition, chronic ethanol consumption significantly phase advanced the peak of GCK by 2.32 h (Table 2) . Interestingly, while GLUT1 gene expression was not rhythmic in livers of control-fed mice, chronic ethanol consumption induced a significant diurnal rhythm with peak GLUT1 expression occurring at the beginning of the active phase ( Fig. 4C and Table 2 ). GCKR was not rhythmic in livers of either control or ethanol-fed mice (Table 2) . Additionally, there was a significant main effect of time on GLUT1, GLUT2, GCK, and PKLR, a significant main effect of diet on GCK, and a significant interaction (time ϫ diet) on GCK and GLUT1, as determined by a two-factor ANOVA (Table 1) . These results indicate that ethanol consumption alters diurnal gene expression profiles of several components involved in glucose uptake and glucose metabolism, which, in turn, could influence glycogen metabolism.
DISCUSSION
Previous studies report that acute and chronic ethanol consumption reduce liver glycogen content (28, 46, 50, 52) ; however, the mechanisms responsible for this adverse metabolic outcome are not known. Herein, we evaluated the impact chronic ethanol consumption has on diurnal oscillations in various glycogen metabolic processes using a mouse model. We show that hepatic glycogen was significantly lower in livers of ethanol-fed mice throughout the entire 24-h day, and the peak of glycogen content was shifted to a different time (phase) of the day in livers of ethanol-fed mice compared with control-fed mice. We also observed that chronic ethanol consumption altered time-of-day-dependent fluctuations in the enzymatic activities of GS and GP, the rate-limiting enzymes of glycogen metabolism. Similar to previous studies (47), we observed lower GS activity during the inactive (light) phase in livers from ethanol-fed mice. However, higher GS activities were observed in livers of ethanol-fed mice during the active (dark) phase. GP activity was lower in the livers of mice fed the ethanol diet throughout the entire 24-h day. We originally predicted that the ethanol-mediated decrease in hepatic glycogen content would have been associated with decreased GS and/or increased GP activities in the livers of ethanol-fed mice; however, this was not the case, suggesting other mechanisms. It is important to point out that the assays for GS and GP activities were measured in vitro under nonphysiological conditions with saturating substrate concentrations. Accordingly, in vitro enzymatic measurements do not necessarily represent the in situ activity state of these enzymes. For example, substrate levels, allosteric effector concentrations, and glycogen binding regulatory subunit levels are likely different within ZT (hr) Fig. 4 . Diurnal oscillation in glycogen particle and glucose metabolism genes. Mice were a fed control (black symbols) or ethanol-containing (gray symbols) diet for 5 wk, and liver gene expression was examined at ZT 3, 7, 11, 15, 19 , and 23 h for glycogenin (GYG) (A), protein phosphatase 1 regulatory subunit 3C (PPP1R3C) (B), glucose transporter 1 (GLUT1) (C), glucose transporter 2 (GLUT2) (D), glucokinase (GCK) (E), and pyruvate kinase (PKLR) (F). Data were fitted to a cosine curve and expressed as means Ϯ SE for n ϭ 4 -6 mice per group per time point. Gene expression levels were normalized to GAPDH mRNA levels and displayed as fold change from control trough. Mice were housed under a standard 12:12-h light-dark cycle where ZT 0 equals lights on (white bar) and ZT 12 equals lights off (black bar and gray shading). Solid lines indicate a significant cosine curve fit, whereas dashed lines indicate a nonsignificant fit.
hepatocytes of control and ethanol-fed mice. It is likely that chronic ethanol consumption disrupted the availability of substrates and allosteric effectors of GS and GP in vivo, thereby reducing liver glycogen. In support of this, we observed an ethanol-induced phase shift and dampening of GCK expression, an enzyme that facilitates the phosphorylation of glucose to G6P, an important allosteric activator of GS (17, 48) . It is also well established that phosphorylation activates GP and inactivates GS (17, 39) . For example, in these studies we observed that the phospho-GS2 peak (Fig. 2G) coincided with higher GP enzyme activity (Fig. 3B ) and the trough of glycogen content (Fig. 1) in livers of control-fed mice at the end of the inactive (light) phase of the day. Similarly, the ethanolmediated decrease in phosphorylated GS1 and GS2 (Fig. 2, F and G) may partially explain elevated levels of GS activity in the livers of ethanol-fed mice during the active (dark) phase of the day (Fig. 2K ). Our findings in control livers strongly support the concept that temporal maintenance (synchrony) of these metabolic rhythms plays an important role in glycogen metabolism. In contrast, chronic temporal dysregulation in these pathways likely contributed, in part, to decreased glycogen in the livers of ethanol-fed mice. GS is phosphorylated by multiple upstream kinases. For example, AKT phosphorylates and inactivates GSK3␤. Consequently, phospho-GSK3␤ is unable to phosphorylate and inactivate GS, thus leading to an increase in glycogen synthesis (39) . In the present study, levels of phospho-AKT-Ser 473 were significantly lower in livers of mice fed the ethanol diet. This finding is in agreement with other studies showing that acute (19) and chronic (5) ethanol consumption decreased phospho-AKT-Ser 473 , which could account for impaired glycogen synthesis in the ethanol-exposed liver. However, we observed no effect of chronic ethanol on phospho-GSK3␤. These results suggest a lack of key involvement of GSK3␤ in glycogen metabolism. In support of this, Wan et al. showed that GSK3 double mutant knockin mice (i.e., mice expressing GSK3␣/␤ mutants that cannot be phosphorylated and inhibited by AKT) had normal liver glycogen levels despite GSK3 being constitutively active (51) . We also found that the diurnal oscillation and content of glycogen was the same in livers from GSK3 double mutant knockin mice and wild-type littermates (data not shown), suggesting that other kinases may be more important in regulating GS. In addition to GSK3, GS activity is regulated by protein kinase A and C, phosphorylase kinase, casein kinase l and ll, and calmodulin-dependent protein kinase (49) . Future studies are needed that are directed towards determining the effect chronic ethanol has on these regulatory kinases.
We also observed that chronic ethanol abolished the diurnal oscillation of glycogenin (GYG), a self-glucosylating protein that plays a crucial role in initiating glycogen synthesis (22, 37) . This ethanol-induced alteration in GYG expression pattern likely contributes to the lower level and lack of a rhythm in glycogen in the liver of ethanol-fed mice. Ethanol consumption also decreased mean expression of PPP1R3C, a member of the glycogen-targeting protein family (37) . Recent studies indicate that these proteins participate in the regulation of GS and other glycogen metabolism enzymes by targeting protein phosphatase 1 to glycogen particles (30) . For example, adenovirusmediated PTG overexpression in rat livers increased glycogen levels (32), whereas mice possessing heterozygous deletion of the PTG gene had reduced glycogen levels in liver (7). As such, the ethanol-mediated decrease in PPP1R3C chronically may contribute, in part, to reduced glycogen in livers of ethanol-fed mice.
Another possible explanation for the ethanol-mediated decrease in glycogen levels is alteration in glucose uptake. As such, we examined diurnal expression of the glucose transporters. We observed that GLUT2 was rhythmic in livers of control-fed mice with peak expression occurring in the inactive (light) phase. Ethanol consumption decreased the amplitude of the GLUT2 rhythm by 50%; however, this difference just missed being statistically significant (P ϭ 0.066, Table 2 ). In contrast, GLUT1 expression was rhythmic in livers of ethanolfed mice with expression peaking during the active (dark) phase, whereas GLUT1 expression was not rhythmic in livers of control mice. Interestingly, our results are similar to those of Nanji et al. (27) , who demonstrated that chronic ethanol feeding decreased GLUT2 and increased GLUT1 protein levels in livers of rats, whereas Van Horn et al. (47) showed decreased GLUT1 and no change in GLUT2 protein levels in livers of ethanol-fed rats (47) . These differing results indicate that ethanol-mediated effects on hepatic glucose metabolism are complex and likely influenced by multiple factors, including the experimental animal model used (rats vs. mice), the time of day of tissue collection, the nutritional state of the animal at the time of tissue collection, and/or composition of the experimental diets. It is important to point out that the glucose transporters exhibit different locations (i.e., zones) of expression in the liver. For example, GLUT2 transporters are more predominantly distributed in periportal (zone 1) hepatocytes (33), whereas GLUT1 is localized to a special subset of centrilobular hepatocytes just surrounding the terminal hepatic venules (43) . Importantly, the centrilobular region of the liver is the primary site of ethanol-induced liver injury and hypoxic stress (14) . Consistent with our findings, other metabolic stressors (e.g., inhibition of mitochondrial respiration and endotoxemia) have also been shown to increase GLUT1 expression (18, 42) . It has been proposed that this may lead to increased glucose transport into this select population of centrilobular hepatocytes for energy production (27) , thus serving as an adaptive response mitigating hepatocyte necrosis in ethanol-exposed livers.
While it is well-accepted that postprandial glucose is taken up by the liver and converted to glycogen, recent studies suggest that glycogen is also formed from gluconeogenic substrates (1, 24) . Moreover, gluconeogenesis and glycogenesis may form an interconnected metabolic circuit, instead of being separate metabolic pathways (17) . For example, isotopic studies in rats (31) and humans (35) reported that a significant fraction of glycogen synthesized after glucose ingestion is from gluconeogenic precursors. Thus ethanol-mediated glycogen depletion may be attributed, in part, to ethanol-induced disruption in gluconeogenesis. In support of this, ethanol has been shown to significantly reduce hepatic gluconeogenesis in rats (26) . Importantly, we found that the diurnal oscillation of phosphoenolpyruvate carboxykinase 1 (PCK1), the rate-limiting enzyme of gluconeogenesis, was abolished and dampened in livers of ethanol-fed mice (13) . Thus an ethanol-mediated decrease in PCK1 and consequently gluconeogenesis may also contribute, in part, to decreased glycogen synthesis.
Taken together, this present study shows that hepatic glycogen content, along with several regulatory enzymes of glycogen metabolism, display diurnal rhythms in gene expression, protein abundance, protein phosphorylation status, and activities in livers of control (i.e., ethanol-naive) mice. Importantly, chronic ethanol consumption significantly altered and disrupted diurnal patterns in many of these critical metabolic rhythms. These rhythms in glycogen metabolism, along with rhythms in physiology and behavior, are regulated, in part, by a molecular circadian clock that allows organisms/tissues/cells to anticipate and adapt to changes in their environment (3, 12) . Accordingly, hepatic glycogen levels display diurnal rhythms that persist during fasting (15, 20, 41) . A recent study by Doi et al. (10) reported that the diurnal expression of GYS2 is transcriptionally regulated by the core clock component CLOCK (circadian locomotor output cycles kaput). Further, CLOCK mutant mice (10) and mice lacking a functional Period 2 (PER2) protein (a clock component) (56) display altered and dampened hepatic glycogen rhythms. In line with this, we found that chronic ethanol consumption altered the function of the liver circadian clock and dampened the diurnal rhythms of several clock genes including CLOCK and PER2 (13) . Therefore, it is possible that ethanol-induced disruption of the liver molecular clock function may underpin alterations in the daily rhythms of hepatic glycogen metabolism, which in turn leads to glycogen depletion. Futures studies are needed to examine the role of the liver circadian clock in ethanol-induced changes in hepatic glycogen metabolism.
Conclusions. In summary, hepatic glycogen metabolism is a tightly regulated and complex dynamic process that helps higher organisms store and use glycogen for energy and maintenance of blood glucose. The data presented in this new study show that chronic ethanol consumption dysregulates key metabolic processes in the liver, leading to decreased glycogen. Importantly, chronic ethanol-mediated alteration in the timing of glycogen metabolism genes in the liver creates a situation where gene and/or protein expression are occurring at times least optimal for liver and whole body metabolism. While further studies are needed to determine the role of other glycogen metabolism modulators (e.g., protein kinases involved in GS regulation) and the liver clock in ethanol-induced reduction of liver glycogen, the results presented here show for the first time that chronic ethanol consumption significantly alters several dynamic (time-of-day) processes of glycogen metabolism.
